Abstract-This paper introduces a standalone hybrid power generation system consisting of solar and wind power sources and a DC load. A supervisory control unit, designed to execute maximum power point tracking (MPPT), is introduced to maximize the simultaneous energy harvesting from overall power generation under different climatic conditions. Two contingencies are considered and categorized according to the power generation from each energy source, and the load requirement. Simulation results demonstrate effectiveness of the controllers and functionality of the maximum power point tracking algorithm in each operating condition for both solar and wind power sources.
I. INTRODUCTION
With the increasing demand of electricity and environmental issues of fossil fuels, alternative clean energies have attracted more attention. Compared with other renewables, wind and solar have been established as proven future sources of energy, because of their environment-friendly, safe, complimentary and cost-effective characteristics. However, there are some difficulties associated with combined utilization of solar and wind, such as their intermittent behavior and not matching generation and consumption peak hours. For this purpose, advanced network of multiple renewable energy systems with load or storage units have been proposed. Small-scale standalone combination of solar and wind has been found effective in some independent power supply system. Many combined energy power systems by using various power electronic converters or control strategies have been put forward. Among them, [1] presents a neural network based control system to coordinate between the components of a PV-Wind hybrid system. [2] proposed a power control mechanism that can manage a combined photovoltaic (PV)/wind/fuel cell (FC) generation system including an ultra-capacitor bank. [3] introduced a novel strategy for the control of power conditioning units to minimize the disturbance on the output power from the hybrid system which integrated with PV and wind turbine. [4] introduced a holistic modeling method of a combined PV and wind power system. The goal of the work was to accomplish an optimized digital control followed by the rapid prototyping into a single Field Programmable Gate Array (FPGA) with Buck and Boost converter. [5] presents a new three-input dc-dc boost converter which is interesting for hybridizing alternative energy sources including PV source, fuel cell and battery. The control structure utilizes only four power switches that can accomplish tracking of the maximum power of PV and FC power, controlling the battery power and refining the output voltage with four different duty cycles. [6] recommended a novel adaptive strategy for power flow in standalone hybrid power system contains PV, battery and proton exchange membrane fuel cell. The method included a neural network controller in the first layer, a fuzzy logic controller in the second layer and local controllers which are used to regulate the set points in the third layer. [7] proposed the multiple-model adaptive estimation of a hydraulic wind power system. However, all of the mentioned methods which used conventional approaches or some advanced control techniques for controlling the combined generation system have proven to be unstable and have shown low reliability during the fast and nonlinear changes in weather conditions. Hence, simultaneous maximum power extraction from wind and solar has become a challenging research topic in the hybrid power systems. This paper introduces a supervisory control system structure for a hybrid wind-solar-load power generation system. Maximum power is extracted from all sources by utilizing one layer DC-DC converters and an interface to the load. The cost effective MPPT and PI current controller are utilized to regulate the power flow to the load. All the control actions are determined by a supervisory controller.
II. WIND MAXIMUM POWER POINT TRACKING
Focusing on wind power system, various electric machines have been used as wind generators. A spectrum of these machines include permanent magnet (PM) brushless machines [8] [9] [10] , doubly salient PM machines [11] , induction machines [12] and switched reluctance machines [13] [14] . These generators are designed to produce electric power and have to be controlled to maximize the output energy capture from wind turbines. MPPT methods have been proposed to improve wind system power production for both constant speed wind turbines and variable speed wind turbines. Although MPPT control methods are implemented using power electronics converters, generally these techniques can be classified into three main types: 1) power signal feedback (PSF) control, 2) tip-speed ratio (TSR) control, and 3) perturbation and observation (P&O) control. PSF controller is mainly based on the maximum power characteristics curve resulting from simulation or field tests. The curve can be stored in form of lookup table in the controller. The controller is easy to implement for tracking of the best rotor speed to generate the corresponding power reference value without the need for wind speed measurement. Moreover, PSF is a stable approach as the data is interpolated from the data points available in the experimentally recorded lookup table. However, it is difficult to obtain the field data. The PSF control block diagram is shown in Figure 1 .a [15] [16] .
The TSR control refines the rotational speed to keep the optimal tip-speed ratio for the maximum wind power utilization coefficient. The advantage of this method is the simple implementation approach. However, because of the requirement of wind information, the performance of TSR control approach relies on the anemometer accuracy or the estimated wind speed. Figure 1 .b depicts the control block diagram of TSR [17] .
The P&O technique mainly generates a rotor speed perturbation and observes the variation of the output power to search for the point of maximum power. The advantage of the P&O method is that it requires neither wind turbine characteristics curve nor the generator parameters, so the control system can be used even under parameters changes. However, the P&O method will lose its effectiveness in large-scale wind turbine systems because the generator power is largely influenced by the variation of turbine inertia. In addition, this method generates power generation oscillations that might become very large in higher power rating systems. Figure 1 .c demonstrates the control block diagram of P&O method. As typical MPPT control methods are shown in Fig. 1 , the P&O method can eliminate the measurement of wind speed so it is widely used for its ease of implementation [18] [19] . 
III. SOLAR MAXIMUM POWER POINT TRACKING
A PV power system usually consists of solar panels, power converters and load. The maximum power point can be captured by tuning the controller and regulating the converter. Some MPPT control methods have also been proposed for PV generation system to eliminate the probable mismatch between load current and PV voltage and point of maximum power. In this way, tracking MPP is quite important for solar system not only to enhance the efficiency of system but also to reduce the cost of energy. These technologies include the fractional open-circuit voltage over short circuit current method, the incremental conductance (INC) method, the P&O method, the power differential feedback control, the dc-link capacitor droop control and some other intelligent control methods. Among them, the P&O method have also been widely adopted because of its simplicity and system independency [20] [21] [22] .
IV. COMBINED SYSTEM DESCRIBTION
The combined power system contains the wind power, the PV panel and the load. There are two main branches in the system, thus two new energy sources can compensate each other to some extent under climate changes. In practice, this kind of hybrid system is divided into two types: the stand alone off-grid system and the grid-connected system. The grid-connected system runs through an inverter that converts the current into AC electricity, unlike the off-grid systems the electricity produced by grid-connected system is fed into the grid. Fig. 2 depicts the configuration of the proposed hybrid new energy system [23] [24] .
The wind power system branch contains wind turbine, permanent magnet synchronous machine (PMSM), a universal bridge, SEPIC converter, wind MPPT controller and a local PI current controller. The PV power system branch is composed by PV panel, boost converter, solar MPPT controller and the local PI current controller. The perturb and observe MPPT algorithm is used in both PV system and wind system. Each source has its individual controller and a supervisory controller to coordinate and supervise the power flows among different power sources. Table I . Figures 3 and 4 show the (I-V) and the (P-V) curves of the PV model at different solar illumination intensity levels. Fig. 4 show strong nonlinear relationship of I-V and P-V curve. The PV current decreases gradually when the PV voltage is low, as the voltage becomes lager than V m the PV current drops rapidly. The output power is the product of PV current and PV voltage and it has only one maximum power point under every specific solar radiation. Table II demonstrates the implementation of P&O method for solar system. Simulation of PV MPPT profile for a 30 load when the temperature is 25 has been shown in Fig. 5. Fig. 5 .a depicts the PV current I pv is around I m (17.1A). This shows the reach of maximum power point delivered from PV panel. In order to evaluate the MPPT tracking efficiency for solar system, Table III As part of the combined energy generation system, wind energy system is a device that can convert wind energy into electric energy. A typical wind generation system is composed of wind turbine and generator, the wind turbine converts wind energy into mechanical energy and then the generator converts the mechanical energy into electric energy. Fig. 6 illuminates the energy conversion chart of wind generation system. P w is the wind turbine input power; C p is wind power utilization coefficient, the theoretical maximum value of C p is 0.593 based on the Betz Theory. m is rotor speed of the wind turbine, m is the transmission efficiency which is over 95%, w t is rotor speed of generator, g is the efficiency of generator which is over 80%, P m is the wind turbine mechanical output power, P t is transmission power, P e is output power of wind generator. 
where, is air density (kg/m 3 ), is 1.025kg/ m 3 in this paper. A is area swept by rotor blads, V is velocity of air (m/sec), C p is power coefficient of the wind turbine. The ratio of tip speed and C p can be expressed as follows: ,
,
.
In the above formula, is the rotor speed of wind turbine (rad/s), n is the rotational speed of wind turbine (r/s), R is the radius of wind turbine (R=2.5m in this paper), from the help information in Matlab [25] [26] , C 1 =0.5176 C 2 =116 C 3 =0. 4 C 4 =5 C 5 =21 C 6 =0.0068.
The proposed wind power system in this paper consists of a fixed pitch angle and variable speed wind turbine, a perpannent magnet generator (PMG) and a diode bdidge rectifier. The wind turbine and PMG connect directly without gearbox so the wind turbine torque and rotor speed are equal to the generator torque and rotor speed. Fig. 7 and Fig. 8 show the characteristics of the wind turbine power and torque vs. rotor speed. Fig. 7 and Fig. 8 , the maximum power under different wind speed is produced at different rotor speeds. Thus, the key point of tracking the MPP for wind turbine is to capture the optimal rotor speed for every wind speed. As mentioned above, many wind MPPT approaches have been proposed. In this paper the P&O method which is based on perturbing the turbine shaft speed with small steps and observing the resulting turbine output power changes is used. From (12) and (13), the wind turbine output power is, ,
where T is wind turbine torque, K= . The C pcharacteristics when the pitch angle is 0 degree is depicted in Fig. 9 , so the maximum value of C pmax is 0.48 and the optimal opt is 8.1. In the proposed wind power system, the input power is constant when the wind speed is constant. Therefore, according to the principle of conservation of energy, if the output power can be increased, the energy consumed in the generator will be decreased and then the rotor speed of generator will be decreased. A SEPIC converter is employed to connect the wind turbine and load. With the increase of duty cycle, the output voltage increases and leads to the increment of output power; with the decrease of duty cycle, the output voltage decreases and leads to the decrement of output power. Thus, the P&O method for wind MPPT can be accomplished by adjusting the duty cycle of SEPIC converter to change the rotor speed and keep the maximum C p . Fig. 10 demonstrates the variation of rotor speed when tuning the duty cycle. Table IV lists the implementation of P&O method for wind system. From the Table IV , the MPPT control for wind system can also be categorized into four circumstances:
1. P k >P k-1 and k > k-1 , the output power at k moment is larger than that of k-1 moment, so the operating point is at the left side of MPP. k > k-1 means that the change in rotor speed increases, so the last duty cycle perturbation is negative. This causes that the next perturbation become negative; 2. P k <P k-1 and k < k-1 , the output power at k moment is less than that of k-1 moment, so the operating point is at the left side of MPP. k < k-1 means that the change in rotor speed decreases, so the last duty cycle perturbation is positive. This causes that the next perturbation to become negative; 3. P k >P k-1 and k < k-1 , the output power at k moment is larger than that of k-1 moment, so the operating point is at the right side of MPP. k < k-1 means that the change in rotor speed decreases, so the last duty cycle perturbation is positive. This causes that the next perturbation become positive; 4. P k <P k-1 and k > k-1 , the output power at k moment is less than that of k-1 moment, so the operating point is at the right side of MPP. k > k-1 means that the change in rotor speed increases, so the last duty cycle perturbation is nagative. This causes that the next perturbation to become positive.
Simulations of wind MPPT profile for a 30 load with wind speed variation from 4m/s to 12m/s are illustrated in Fig.  11 and Fig. 12 . From the Fig.11(a) and Fig.12(a) , the wind power utilization coefficient, it has been proven to reach Cpmax of 0.48 except in transient modes resulted by sudden wind speed changes. Fig.11(b) and Fig.12(b) depict the wind maximum power point tracking effects when the wind speed changed from 4m/s to 8m/s to 4m/s, and 8m/s to 12m/s to 8m/s respectively.The figure also shows the output power generated directly from wind turbine and the actual power captured to the load. Similarly, the MPPT tracking efficiency has also been evaluated in the Table V. The table lists In a dc system fed by multiple converters on a common dc bus, power must be shared among the solar source and the wind source according to their available output power. Therefore, a supervisory controller is designed to track the maximum power generated from the two sources and manage the power to satisfy the load requirement. It is noted that this paper only considers obtaining the maximum power delivering to the load and not maintaining a constant power to the load. The dc bus voltage regulating and an energy storage charge or discharge procedure will be discussed in the future works. In order to accomplish the supervisory control strategy, the energy balance equation can be obtained as follows:
, (18) where P is the net power of the system, P s is the output power of solar, P w is the output power of wind, P Load is the power demand from load. The supervision modes can be clarified into two types (listed in Table VI) . It can be categorized as follows:
• If P 0, means that the power generation unit cannot satisfy the load. In this situation, both solar and wind power supplies must work in MPPT mode to generate the maximum power under different weather conditions to reduce the power shortage.
• If P>0, means that the power generation system can satisfy the load with surplus energy. In this situation, one source can be selected to operate in MPPT mode and the other source is set in power tracking mode by means of a PI current controller. The current reference value is determined as follows:
where P MPPT is the output power of the source which operates in MPPT mode, and V Load is the output voltage of load. The simulation results for a 30 load that demonstrate the supervisory control for the combined power system are depicted in Fig. 13-15 respectively. Fig. 13 demonstrates the load power reference value at 7HP and the irradiance is kept constant at 1000W/m 2 . The wind speed is changed from 6m/s to 8m/s to analyze the performance of the proposed supervisory control system. As P is less than zero in the simulated wind speeds, both wind and solar power converters operate at MPPT mode. The supervisory controller successfully enabled the power generation unit to track the maximum power from both sources injected to a point of common coupling (PCC) i.e. the DC bus. Fig. 13 MPPT Tracking profile for combined power generation unit under constant solar irradiance of 1000W/m2 and a step change in wind speed from 6m/s to 8m/s. Fig. 14 illustrates a load reduction to 5HP under a constant wind speed at rate 8m/s. In this case, the solar irradiance experienced a change from 400 W/m 2 to 1000 W/m 2 . At 400W/m 2 , both sources operated at MPPT mode due to the P<0 condition. As the solar irradiation increased to 1000W/m 2 , P>0 was hold, suggesting excessive power generation than load demand and the wind power surpassed the solar power generation. Therefore, the wind source is controlled at MPPT mode and solar source is controlled at power tracking mode. 15 depicts the MPPT tracking profile due to a step change in both wind speed and solar irradiance at a 5HP load power. Initially, the wind speed was 6m/s and the irradiance was 1000W/m 2 . A shortage of energy was observed ( P<0), hence both power sources operated at MPPT mode. Later a wind speed step change to 8m/s and irradiance decrease to 800W/m 2 generated an excess of energy ( P>0). Larger power source was set to operate in MPPT mode and the solar power was set to operate in power tracking mode. horizontal axis wind turbine and a PV array, their MPPT and power tracking controllers were built in Matlab/Simulink. The P&O method was utilized in both wind power and solar power, which demonstrated a stable and effective tracking performance under wind speed and solar irradiation changes. A supervisory control strategy was proposed to generate the maximum power from these renewable energy sources while connected to a point of common coupling PCC. A robust and smooth switching from MPPT to power tracking mode was obtained in both power sources. Simulation results demonstrated an accurate operation and applicability of the proposed method.
